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I N T R O D U C T I O N
The recent revival of interest in Fe ii has led to several new sets of data determined using both experimental (Bergeson et al. 1996) and theoretical (Nahar & Pradhan 1994; Raassen & Uylings 1998a,b) methods. These augment the earlier values of Kurucz (1988) , Nussbaumer, Pettini & Storey (1981) and Fawcett (1988) .
The present work is part of this renewed investigation into Fe ii and attempts, through inclusion of configuration interaction (CI) to extend and improve earlier calculations. We report here our calculation of transition probabilities of lines in three multiplets, a Nahar and Pradhan (1994) were obtained by applying to the LS-coupled data of the Opacity Project certain J-dependent factors, thus giving oscillator strengths for the individual lines. For isolated multiplets, this is an efficient method, though it does not allow for mixing between states with different L and S symmetry but with the same J. We shall see later that this mixing has an important influence on the oscillator strengths.
The method employed by Raassen and Uylings (1998a,b) involves orthogonal operators. It represents a very different approach to the calculations from the CI process used in the present work and in the other theoretical references cited above. Where comparison is possible, the results of Raassen and Uylings agree much more closely with the experimental results of Bergeson et al. (1996) than do the other sets of theoretical results already published for these sextet transitions.
We therefore seek to extend the work of other CI calculations by using a larger configuration basis set, by determining as accurately as possible the mixings between LS states of the same J and by including the effects of the polarization of the 3p subshell, which Quinet & Hansen (1995) have shown can have an important influence on oscillator strengths of transitions in ions with open 3d subshells.
M E T H O D O F C A L C U L AT I O N
The present work uses CI wave functions of the form
generated by the code CIV3 (Hibbert 1975; Hibbert, Glass & Froese Fischer 1991) . For a specific choice of configuration state functions (CSFs) {F i }, where the angular momentum coupling scheme is defined by {a i }, the variationally optimal expansion coefficients {a i } are the eigenvector components of the diagonalized Hamiltonian whose typical element is H ij kF i jHjF j lX The corresponding eigenvalue is an upper bound to the energy of the particular state. In particular, if the eigenvalues {E i } are ordered so that E 1 , E 2 , ¼ Y then
is a consequence of the Hylleraas±Undheim theorem. The Hamiltonian used to determine the final wave functions consists of the non-relativistic Schro Èdinger Hamiltonian along with the following relativistic operators associated with the Breit± Pauli approximation: mass-correction, Darwin, spin±spin, spin± other-orbit and spin±orbit terms. However, the spin±spin-contact and the orbit±orbit terms, which do not contribute directly to finestructure separations, are not included in the calculations.
The CSFs of all states are constructed from a common set of one-electron orbitals of the form 1 r P nl rY ml l uY fx ms sY 3
where the radial functions in (3) are expressed in analytic form as a linear combination of normalized Slater-type orbitals (STOs): Equations (2) constitute a set of variational principles allowing the optimization of the radial function parameters on one or more of the energy eigenvalues of the Hamiltonian matrix. The integers {I jnl } are kept fixed but the exponents {z jnl } and the coefficients {c jnl } in Equation (5) may be treated as variational parameters to be optimized subject to the orthonormality conditions:
The optimization of the radial functions on, for example, the energy of just one state would lead to a serious imbalance in the accuracy to which the full set of states under consideration would be represented. Hence different orbitals are optimized on different eigenvalues, so that all the states are of a comparable level of accuracy. In the present work, the 1s, 2s, 2p, 3s, 3p, 3d and 4s functions were taken from the ground state Hartree±Fock functions given by Clementi & Roetti (1974) We will give in the following section both our ab initio results of oscillator strengths and the corresponding values obtained after the`fine-tuning' of the calculated energy levels. This process (Brage & Hibbert 1989 ) makes small adjustments to the diagonal elements of the Hamiltonian matrix so as to bring the calculated eigenvalue differences into agreement with the corresponding experimental energy differences. This process has proved effective in improving the accuracy of calculated oscillator strengths (Hibbert 1996) .
R E S U LT S
We have undertaken a series of calculations of increasing complexity. In the first instance, we wished to ensure that electron correlation was included to an adequate extent. Secondly, we wished to allow for mixing between odd-parity sextet levels (through the inclusion of spin-dependent operators in the Hamiltonian), and also for term-dependent differences between optimized orbitals. Thirdly, we wished to consider the effect of the polarization of the 3s 2 3p 6 core.
Unmixed odd-parity states
We concentrated initially on the a 6 D±z 6 P o transition since we had considered these symmetries in our previous calculations (Donnelly & Hibbert 1998 , 1999 . The configurations used in this the first stage of our calculations are shown in Table 3 and the oscillator strengths of this transition are given in Table 4 . Here we have split the multiplet transition into the constituent line transitions by the inclusion of the Breit±Pauli contributions to the Hamiltonian, but no mixing with other LS symmetries has been considered. It may be seen that the agreement between the length and velocity forms of the oscillator strength is quite good, and improves a little more when the experimental transition energies (Corliss & Sugar 1982) are used (this being the only effect of fine-tuning since no other symmetries are included). Table 5 . It may be seen that, while we differ from the results of Nahar & Pradhan (1994) by an overall factor, the ratios of the oscillator strengths within a multiplet agree with their ratios quite closely, while there is no agreement with the ratios from other calculations. This confirms that the calculation of Nahar & Pradhan (1994) omits the mixing between the odd-parity sextet states, as does our own calculation at this stage.
Coupling of the odd-parity states
The inclusion of the spin-dependent operators of the Breit±Pauli Hamiltonian results in a mixing between different LS terms with a . The associated transfer of oscillator strength between the two transitions is improved in the fine-tuned results, but since the proportionate correction is so large, the fine-tuned oscillator strength for this transition in Table 6 cannot be treated as being close to convergence, as may be seen by comparing the results for this transition given in Tables 6 and 7 . In fact, in the ab initio calculations shown in P o , surprisingly in the latter case since the 5p function had been optimized on the z 6 P o state energy, but it seems that this had not provided a sufficiently flexible p-function to describe the valence electron of the z 6 P o state. The results of these additions are shown in Table 7 . The calculated transition energies are now about 2000 cm 21 below the experimental values whereas previously they were larger by about 3000 cm
21
. Comparing the fine-tuned results in Tables 6 and 7 reveals that the length/velocity agreement for the 6 D± 6 D o transition has improved, but that for the 6 D± 6 F o transition has deteriorated. We note however that the length form of the oscillator strength for the fine-tuned calculations is for each transition quite similar in these two tables. We also note that the ab initio energy separations for the 6 F o and 6 P o levels, which were spuriously small in Table 6 , are now much closer to experiment. Quinet & Hansen (1995) have demonstrated the importance of core polarization in calculating oscillator strengths of transitions Table 8 , where core-valence effects allow for the polarization of the 3p subshell. We also considered the polarization of the 3s subshell but found it had a very small effect on the oscillator strengths.
Inclusion of core polarization
At the same time we included some core±core correlation associated with a 3p 2 3 3d 2 replacement in the dominant configurations, and we took the opportunity to add a small number of other configurations for completeness. The results are shown in Table 9 . The length/velocity agreement is now not so good as before. Core correlation normally has a large effect on the velocity form of the oscillator strength, but a relatively small effect on the length form: the length form is generally slightly reduced when core polarization is added and is largely unaffected by core±core correlation. This is what we find in the present calculations. By contrast, the velocity form is much more substantially affected by core±core correlation. In the present work, we have included the major part of core polarization, but our introduction of core±core correlation is of a much more limited form so that our velocity values are not converged to the same extent as our length values.
We therefore consider that our length values, in the fine-tuned calculations, are fairly accurate, but it would require much more core±core correlation to bring the velocity values into agreement. It seems sufficient to accept the length values. We note that most other researchers who have undertaken calculations on Fe ii have presented only the length form of their oscillator strengths. Table 9 . Results obtained using the full configuration set, i.e. including all the configurations in Tables 3  and 8 .
ab initio fine-tuned 
D I S C U S S I O N
A comparison between our results and those of other calculations and of experiment are presented in Table 10 . We note first that our final results (the length form of the fine-tuned calculation presented in Table 9 ) agree very closely with the most recent calculation of Raassen & Uylings (1998a) , with the sole exception of the weak 6 D 5a2 ± 6 P o 7a2 line where our result seems proportionally somewhat low. Raassen & Uylings (1998a) use an entirely different method ± orthogonal operators ± from our own. We are also close to the results of Kurucz (1988) , which are obtained using the Cowan (1981) code. This too is a CI procedure incorporating various semi-empirical factors to ensure good agreement with experimental energy differences, which is therefore akin to our finetuning process. It is encouraging that these three independent sets of calculations are in good agreement. In fact, these relatively recent results agree quite well with the much earlier work of Nussbaumer et al. (1981) except for an overall multiplicative factor. Comparison with the results of Fawcett (1988) , who used a simple approximation within the framework of the Cowan code, is rather more variable. We would therefore recommend that the present results and those of Raassen & Uylings (1998a) , and otherwise the larger data set of Kurucz (1988) , be used in model atom calculations.
We note that the agreement with Nahar & Pradhan (1994) is not good. This is a consequence of their neglect of the mixing between the odd-parity terms, and demonstrates the importance of taking that mixing into account.
Finally, we find fairly good agreement with the experimental results of Bergeson et al. (1996) , especially for the
transitions, though the J 9a2 3 J H 7a2 transition seems curiously out of line. Raassen & Uylings (1998a) . B: Bergeson et al. (1996) . K: Kurucz (1988) . NP: Nahar & Pradhan (1994) . NPS: Nussbaumer et al. (1981) . F: Fawcett (1988) .
